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Modelling the Morphodynamics of the Kwinte Bank, Subject to Sand 
Extraction
C. Brière1* , P.C. Roos1, E. Garel2** and S.J.M.H. Hulscher1
IntRoduCtIon
The offshore seabed of shallow shelf seas, like the North 
Sea, is covered with a wide variety of rhythmic sedimentary 
features of different length scales. In the potential sand ex-
traction areas, tidal sandbanks and sandwaves, even both are 
likely to occur (see e.g. HulscHer and Van den Brink, 2001). 
Tidal sandbanks are the largest of the offshore features; they 
have lengths of several kilometers, a spacing of up to 10 km 
and a height of several tens of meters (dyer and Huntley, 
1999). Sand waves are smaller, but are more dynamic and 
prominently present throughout the North Sea. Tidal sand-
banks and sandwaves may act directly as sources of sand, this 
may lead to the creation of large-scale pits on these bedforms. 
Typical dimensions of such pits are several kilometers long 
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and wide and several meters deep.  Offshore sandbanks af-
fect navigation, but provide protection to adjacent stretches of 
coastline. These structures, therefore, are worthy of investiga-
tion, especially when their potential as a source of aggregates 
is taken into account.
The formation of tidal sandbanks can be explained in terms 
of a morphodynamic instability of a flat seabed, subject to tidal 
flow and sediment transport (HutHnance, 1982). The under-
lying hydrodynamic mechanism, known as tidal rectification 
(Zimmerman, 1981), explains the formation and, usually, the 
counter-clockwise orientation of the bank’s crest with respect 
to the tidal current in the Northern Hemisphere. However, lit-
tle is known of the morphodynamic processes that shape and 
maintain tidal sandbanks in equilibrium. Besides, a large-
scale intervention such as sand extraction can interfere with 
the complex hydrodynamic and morphodynamic processes; 
nonetheless, this impact is largely unknown. In particular, the 
long-term effects on time-scales of decades to centuries from 
ABStRACt    
The North Sea is, to an increasing degree, subject to human activities and interests; a particular example of a user 
function of this environment is sand extraction. In order to satisfy the demand for sand, tidal sandbanks in some 
sectors of the North Sea act as a source of sediment, this may lead to the creation of large-scale pits on these bedforms. 
Sandbanks, which provide protection to adjacent stretches of coastline, are therefore worthy of investigation, especially 
when their potential as a source of aggregates is taken into account.
To investigate seabed dynamics, in general, and to predict the long-term morphodynamics of tidal sandbanks subject 
to sand extraction, in particular, process-based modelling is a commonly-used method. Different approaches can be 
considered: (i) based on complex numerical simulations; (ii) or applying an idealised model, designed specifically to 
describe sandbank dynamics. Herein, the first approach is applied to a case study of the Kwinte Bank; this is a tidally-
maintained sandbank, located on the Belgian continental shelf. The modelling is set up using the complex process-
based model Delft 3D – Online, the waves were not taken into account.
Numerical results and experimental data from a field campaign (undertaken in March 2004) are compared and show 
good agreement. Analysis of residual currents indicates a predominance of ebb flow over the bank. However, the 
residual sediment transport pattern is flood-dominated. The predicted residual sediment transport pattern shows that 
the Kwinte Bank should be regarded as part of a system of swales and sandbanks.
Finally, the long-term evolution is discussed, considering complementary approaches that combine the benefits 
from the complex numerical modelling with the idealised one. The evolution of a tidal sandbank, after removing 
an amount of sand, is difficult to predict. No clear tendency is evident in the evolution of the depression area on the 
basis of the long-term full process-based modelling. However, on the basis of idealised modelling, the anticipated 
long-term trend of an excavated area is the recovery of the depression, resulting in an equilibrium of the sandbank, 
over a time-span of a few centuries.
AddItIonAL IndEX WoRdS: sandbank dynamics, numerical modelling, Delft 3D, stability analysis.
DOI: 10.2112 / SI51-011.1 received 14 January 2007; accepted in 
revision 29 October 2007.
118 Brière, et al.
Journal of Coastal Research, Special Issue No. 51, 2010
such interaction are of interest to the aggregate industry and 
to coastal managers.
In order to investigate seabed dynamics, in general, and 
to predict the long-term evolution of tidal sandbanks subject 
to sand extraction, in particular, process-based modelling is 
an approach which has been used commonly. Different ap-
proaches can be considered: (i) based upon complex numerical 
simulations, with a full process-based model such as Delft3D – 
Online (lesser et al., 2004); or (ii) applying an idealised model, 
designed specifically to describe sandbank dynamics (roos et 
al., 2004). Although both approaches are based upon the un-
derlying physical processes, they are essentially different; as 
such, they have different benefits and limitations.
The full process-based models combine different processes 
(e.g. wind- and wave-driven currents, density gradients, Cori-
olis force, sediment transport, etc …) within broad classes of 
problems, over different temporal and spatial scales; they are 
able to deal with complex geometries. The morphodynamic 
procedure consists of the coupling of a number of modules that 
simulate processes such as wave and current propagation, 
sediment transport and morphodynamic bed updating. In all 
of these models, the hydrodynamic module is usually the most 
computationally expensive, explaining why their applications 
are, in most cases, restricted to initial sedimentation/erosion 
modelling. This so-called morphostatic approach, which has 
been extensively and effectively used in comparative impact 
studies, does not enable the modeling of the long-term evo-
lution of a system. Further disadvantage of these models is 
related to the uncertainties associated with the boundary con-
ditions and with the inputs, such as wind stress, expressed as 
explicit forcing terms in the equations.
Alternatively, idealised models have been designed to 
study rhythmic bed forms (dodd et al., 2003). These models 
are based also upon the underlying physical processes and 
have been developed for particular applications (e.g. sand-
bank formation in HulscHer, de swart and de Vriend, 1993; 
and HutHnance, 1982). Assuming a strongly simplified ge-
ometry, inputs and boundary conditions, they are much less 
computationally expensive. Therefore, they are more appro-
priate to study the long-term transient behaviour of sand-
banks. In particular, they can be used to study the evolution 
of sandbanks subject to extraction (roos, 2004). A different 
example is the study undertaken by de swart and calVete 
(2003), who developed an idealised model to investigate the 
non-linear response of shoreface-connected ridges, subject to 
sand extraction.
Comparing and combining the benefits of these two ap-
proaches has been the subject of an earlier study on tidal 
sandbanks (idier and astruc, 2003). In this contribution, the 
objectives are (i) to study the short-term morphodynamics of 
the Kwinte Bank, and (ii) to discuss the benefits of the idea-
lised and full process-based modelling, to investigate the long-
term evolution of the bank subject to sand extraction.
The text is organised as follows. In section 2, the geographi-
cal and physical characteristics of the site are presented. Sub-
sequently, section 3 contains the results of the modelling of 
a field measurement programme. Comparison is undertaken 
between numerical results and observations, on the basis of 
statistical analysis. The flow and sediment transport patterns 
are described next, during the period of interest and focus-
ing upon the depression area. As the long-term effects of sand 
extraction are of interest to coastal managers and policymak-
ers, the fundamental difficulties of extrapolating short-term 
Figure 1. Sandbank patterns in the Belgian continental shelf.
Figure 2. The Kwinte Bank at time of cessation of extraction, showing 
measurement locations used in the model assessment, and the two 
main areas of excavation dredging (indicated with arrows).
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results to long-term prediction are finally discussed in section 
4. Section 5 contains the conclusions.
Study AREA
Geographical and Physical Characteristics of the 
Kwinte Bank
The Kwinte Bank is a Southwest/Northeast oriented tidal 
sand bank which is located on the Belgian continental shelf 
and belonging to the Flemish Banks’ system (Figure 1.). The 
sandbank itself has a length of 15 km and a width which var-
ies from 2 km in its southern part, to 1 km in its northern part 
(Figure 2.). The minimum water depth is about – 5 m MLLWS 
(Mean Lowest Low Water Springs) in the southern part of the 
bank. The depth reaches – 22 m MLLWS in the swales around 
the bank. On the basis of its bathymetry, the estimated vol-
ume of the bank represents approximately 400 Mm3 (Garel, 
this volume). In the northern part, the bedform is covered by 
large dunes with maximum height of about 8 m. Sand dunes 
are also present in the central part of the bank. The cross-
section of the sandbank is asymmetrical, with a steeper side 
facing the northwest and a seabed slope reaching 3° (Van 
lancker et al., 2004).  
In general, the hydrodynamics of the southern part of the 
North Sea are characterised by semi-diurnal progressive 
tides, dominated principally by M2, S2, N2 and M4 harmonic 
components (williams et al., 2000). Over the Kwinte Bank, 
the average tidal ellipse is elongated along a southwest/
northeast axis, at about 6 ° in a clockwise direction from the 
bank’s axis. The tidal currents rotate counter-clockwise, over 
12 hours 25 mins (lanckneus et al., 1992), with the strongest 
peak currents, of about 1 m/s, being during the flood, towards 
the northeast (Van cauwenBerGHe, 1971). Furthermore, nu-
merical modelling and Waverider measurements undertaken 
on the adjacent Middelkerke Bank (williams et al., 2000) 
have shown that significant wave heights less than 3 m are 
unlikely to have any significant effect on the bed. On the oth-
er hand, observed residual currents in the same area were 
found to be correlated strongly with wind duration, speed 
and direction. Recent sediment sampling campaigns under-
taken over the Kwinte Bank area have established a mean 
grain-size (d50) distribution ranging from 0.25 to 0.55 mm 
(Bellec et al., this volume).
Since 1979, sand has been extracted mainly from two dis-
tinct areas of the Kwinte Bank, located along the crest in the 
northern and central parts of the bank (Figures 2.). The lat-
ter location is the most excavated, with dimensions of about 
700 m wide, 1 km long and 5 m deep, at time of cessation of 
extraction. Dredging here ceased in February 2003 to allow 
the monitoring of the evolution of the depression zone, and 
to improve the knowledge on the biological and physical im-
pacts of aggregate extraction on the state and dynamics of the 
sandbank.
Field Experiment
Since 2003, field campaigns were carried out by Institutes 
involved in the MAREBASSE and EUMARSAND projects, 
focusing mainly upon the central depression (Van lancker et 
al., 2004). The objectives were to investigate the mechanisms 
of sandbank maintenance, as well as the impact of sand ex-
traction on the benthos. Hydrodynamic measurements (Fig-
ure 2.) were obtained between the 2nd and 12th March 2004 
(Garel, this volume), and are considered here. A 1200 kHz 
Acoustic Doppler Current Profiler (ADCP Teledyne RDI) 
was moored during 9 days (2-11/03/2004), at the northern 
extremity of the central depression; this recorded data every 
50 cm, from 1.4 m up to 16.4 m above the seabed. An Electro-
Magnetic Current Meter (EMCM S4) was moored at the bank 
crest during the same period and recorded, at 2 Hz frequen-
cy, the horizontal components of the currents at 0.75 m from 
the seabed.
The measurements obtained by the ADCP showed a good 
agreement (Garel, this volume) with a parametric velocity 
profile (soulsBy, 1997), which has been adopted for compari-
son between the depth-averaged numerical results and the S4 
point measurements, near the bed:
 
                                                 (1)
where Uavg is the depth-averaged velocity,  z the sensor 
height above the seabed and h is the water depth.
MEtHodS
The characterisation of the flow and the sediment transport 
patterns on the Kwinte Bank is based upon the morphody-
namic modelling of the field experiment of March 2004, using 
the complex process-based model Delft 3D – Online (lesser et 
al., 2004). 
Model Schematisations
The hydrodynamics have been simulated in a depth-aver-
aged 2D model, as a 2DH approach appears sufficient when 
focussing on the morphodynamics. Moreover, the choice is 
supported by the pragmatic reason of reducing the computa-
tional time.
The model solves the non-linear shallow-water equations 
using a finite differences formulation. The eddy viscosity in-
cluded is a property of the flow, varying generally in space 
and in time. However, a constant viscosity value is used in the 
modelling undertaken here, as sensitivity tests showed that 
the model is not strongly sensitive to this particular param-
eter. Eddy diffusivity in the model is set at 0.5 m2/s. On the 
other hand, numerical results are more sensitive to a change 
in the Chezy coefficient C, which appears in a quadratic bed 
friction law: 
                                             (2)
where ρ is the density of water, g is the acceleration due to 
gravity and u is the depth-averaged velocity.
The best agreement between the numerical results and ob-
servations was obtained using a coefficient, C, of 65 m1/2/s. The 
sediment transport formulation of TRANSPOR1993 (Van ri-
jn, 1989) is adopted to estimate the sediment transport rates. 
A constant grain-size is considered over the sandbank, with a 
mean grain-size (d50) equal to 325 µm.
The bathymetric data were provided by the Ministry of the 
Flemish Community (Ministerie van de Vlaamse Gemeensc-
hap; Afdeling Kust). The model set-up is based upon a grid 
covering the Belgian continental shelf, with the highest reso-
lution associated with the Kwinte Bank area. For example, 
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the averaged grid cell length is around 300 m in the area of the 
depression. The domain, of 4200 grid points, extends from the 
coastline to some 32 km offshore and over 40 km in the along-
shore direction. Model boundaries are located sufficiently far 
from the Kwinte Bank to ensure that any potential spurious 
effects are maintained to be outside the area of interest. The 
hydrodynamic module is forced by time-dependent water lev-
els, generated by the OPTOS-BCZ model (luyten et al., 1999). 
Wind stress upon the sea surface is taken into account within 
the simulations; these data were provided by the UK Met Of-
fice, Bracknell. A southwesterly wind component was observed 
over 35 % of the time, with a speed ranging from 5 to 8 m/s at 
10 m above the mean sea water level.
Observations on the adjacent Middelkerke Bank (Williams 
et al., 2000) demonstrate that no significant changes in the 
significant wave height and in the wave period occur across 
the bank when Hs < 3 m. Failure to detect significant loss in 
wave energy across the bank implies that interactions between 
waves and the bed are weak under “normal” conditions i.e., Hs 
< 3 m. By implication, enhanced mobilisation and suspension 
of bed sediments and modification to bed topography by wave 
action is likely to occur only in storm conditions. Therefore, 
in this study on the Kwinte Bank, the effect of waves on the 
seabed has not been included due to limited wave activity over 
the period of the observations (S4 records show significant wa-
ve heights of less than 1.3m, during the period 2-9/03/2004)
Model Performance Statistics
Comparing field measurements with numerical results re-
quires the acquisition of a large amount of data, in order to 
incorporate the wide spectrum of spatial and temporal evo-
lutions. Consequently, field measurements were undertaken 
over 11 days, the data being recorded at high-frequency. How-
ever, the extensive data set makes visual analysis difficult 
and, as such, statistical methods are used. Information on the 
statistics adopted for the present comparison, alternative sta-
tistics and examples of their use in the EU COAST3D Project, 
can be found in sutHerland, Peet and soulsBy (2004).
In order to quantify the performance of numerical models, 
the root-mean-squared error (RMSE) is used commonly, de-
fined according to:
                                             (3)
where Xn are the observed values, Yn are the computed 
values and N is the total number of observations.
However, the RMSE is appropriate for scalar quantities 
(e.g. water levels), but not for vector quantities (e.g. flow ve-
locities). To this end, a mean absolute error MAE can also be 
used. Here, for a two-dimensional vector ),( 21 XXX =

, the 
MAE is defined according to:
   (4)   
The use of the modulus makes the statistics more difficult to 
apply, than using a RMSE index. However, the MAE includes 
errors of magnitude and direction, in a single statistic. The 
quality of the modelling may be judged from the value of the 
mean absolute error, relative to the observations (RMAE): 
                                             (5)
A RMAE value includes the contribution from the mea-
surement error. Van rijn, Grasmeijer and ruessink (2000) 
have discussed the measurement errors associated with the 
COAST3D Project. They showed that the errors were related 
to the physical size of the instruments deployed, together with 
the measurement and conversion principles. On the basis of 
the equipment used and the conditions prevailing in the pres-
ent experiment, an average value of the observed error (OE = 
5 cm/s) is adopted, for comparison. An adjusted relative mean 
absolute error (ARMAE) is proposed then, reducing the influ-
ence of the observational errors (eq. 6):
                                             (6)
Statistical Analysis
During the data acquisition, we averaged ADCP records in 
order to provide values of the current velocity and direction 
over 5 minutes, every 15 minutes. The S4 was set up to pro-
vide an average of pressure and current fluctuations over 9 
minutes, every 15 minutes. The depth-averaged values were 
extrapolated from measurements obtained near the bed, us-
ing the velocity profile expression (eq.1). Subsequently, the 
numerical results were analysed considering 861 and 838 
samples at the S4 and ADCP locations, respectively.
Figure 3. Intercomparison of current speeds at the S4 and ADCP 
locations, with numerical model outputs. u and v define the easterly 
and northerly components, respectively. Full and dotted lines display 
the experimental data and the numerical results, respectively.
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RESuLtS
Validation Results
The water level statistics indicate that inputs at the bound-
aries are of good quality: data available from the S4 deploy-
ment show a RMSE error of 15 cm and a bias (numerical re-
sults, minus experimental data) of 1.5 cm.
Time-series of the current speeds are presented in Fig-
ure 3., in terms of the easterly (u) and northerly (v) compo-
nents at the S4 and ADCP deployment sites. Good agreement 
is shown between the observations and the numerical model 
outputs. At the S4 location, the model reproduces the tidal-
ly-induced flow variation along the easterly axis, although a 
difference in amplitude can be noted. In contrast, the north-
erly component shows a slight difference in phase. The model 
overestimates the phenomenon of tidal rectification: the west 
northwest cross-bank component of the flow is accelerated, by 
continuity; whereas the along-bank component is decelerated, 
by the increased effect of bottom friction. Such flow deflection 
Table 1. Error statistics from DELFT 3D flow module.
Sensors Zc(m)
Zc
/(h)
(cm/s) (cm/s)
RMSE
(cm/s)
BIAS
(cm/s)
STD 
(cm/s)
MAE
(cm/s) RMAE ARMAE
S4 point 0.75 0.03 53.0 45.1 12.3  7.8 9.5    14.2 0.31 0.10   
ADCP point 53.4 48.5 9.0 4.9 7.7 11.9 0.24 0.08
Figure 4. Residual currents over the Kwinte Bank area. Full lines and dashed line define bathymetric contours and the southwest/northeast axis 
respectively. The ellipse delimits the main area of extraction.
is noticeable particularly during the ebb tide, in the numerical 
results; in contrast, the experimental velocities are directed 
mainly towards the west southwest. At the S4 location, the 
measured maximum and mean (absolute time- averaged) cur-
rent speeds are 81 cm/s and 45 cm/s, respectively. The numeri-
cal predictions are somewhat higher, at 92 cm/s and 53 cm/s, 
respectively. At the ADCP location, the maximum and mean 
velocities of the current are, respectively, 87 cm/s and 49 cm/s 
for the experimental data; the numerical predictions are high-
er, at 94 cm/s and 53 cm/s, respectively. The major tidal ellipse 
axes (not presented here for the sake of brevity, see Garel, 
this volume; and Van den eynde et al., this volume) are rotated 
about 10° clockwise compared to the bank’s axis, due to tidal 
rectification. The observations show that the mean orientation 
of the axes is similar at both the S4 and ADCP locations; in con-
trast, the stronger currents, obtained at the S4 location with 
the model, are directed more eastward than those obtained at 
the ADCP point. At both locations, the numerically predicted 
ellipses are more spherical in shape than the elongated experi-
mental ellipses.
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Figure 6. Cumulative erosion/accretion rate (m) over the Kwinte Bank 
area, over a 10 days period (02/03/2004 to 12/03/2004). Full lines and 
dashed line define bathymetric contours and the southwest/northeast 
axis respectively. The ellipse delimits the main area of extraction.
Figure 7. Tidal flow driven cumulative erosion/accretion rate (m) 
using an elongated tide, over the Kwinte Bank area, for a 30 years 
period. Full lines and dashed line define bathymetric contours and the 
southwest/northeast axis respectively. The ellipse delimits the main 
area of extraction.
Figure 5. Residual sediment transport rates over the Kwinte Bank area. Full lines and dashed line define bathymetric contours and the southwest/
northeast axis respectively. The ellipse delimits the main area of extraction.
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The mean (absolute time- averaged) current speeds, to-
gether with the RMSE, MAE, RMAE and ARMAE errors are 
summarised in Table 1. The mean current speed is overesti-
mated, by 13 % and 9 % respectively, at the S4 and ADCP 
measurement locations. The maximum numerical velocities 
occur during the flood flow, which differs from the experimen-
tal results. However, the MAE indices are 14 cm/s (S4 loca-
tion) and 12 cm/s (ADCP location); these are low considering 
the mean current speed. Thus, the RMAE indices are 0.31 
and 0.24. Following sutHerland, Peet and soulsBy (2004), 
the results can be classified in terms of their ARMAE values. 
This classification shows that the DELFT 3D simulations, de-
scribed here, have a level of performance with results in the 
“excellent” category (0.10 and 0.08, respectively, at the S4 and 
ADCP locations).
Short-term Modelling: Flow and Sediment transport 
Patterns
On the basis of the numerical results obtained over an 11 
days- period (2/03 to 12/03), the tidally-averaged currents 
have been obtained for each tidal cycle, and have been inte-
grated over the period.
Figure 4. shows that the mean residual currents vary con-
siderably over the domain, with the general pattern consisting 
of counter-clockwise gyres, centering over the swales. As such, 
the residual currents are higher on the top of the banks, than 
in the swales. Over the banks, the circulation is in the opposite 
direction, describing clockwise vortices. The flood and the ebb 
are dominant on the western and eastern flanks of the Kwinte 
Bank, respectively; this is in agreement with the observations 
of lanckneus et al., (1992) and of Bellec et al. (this volume). 
Along the western part of the Kwinte Bank, the residual cur-
rents follow the depth contours towards the northeast. The 
flow pattern along the eastern flank is influenced by the gyre 
between the Middelkerke Bank and the Kwinte Bank. Conse-
quently, the residual currents are directed to the southwest 
along the northern and central parts of the bank.
Conversely, the direction of the tidally-averaged currents is 
towards the north along the southern part of the flank. These 
results agree, qualitatively, with the numerical results ob-
tained using the OPTOS model system (Van den eynde et al., 
this volume; and Van lancker et al., 2004).
Over the Kwinte Bank, the residual currents are directed 
mainly towards the west southwest in the northern part of 
the bank, and towards the north in the southern part. The 
depression area shows ebb-dominated residual currents, 
tending to be parallel to the bathymetric contours. However, 
on the basis of the tidally-averaged currents obtained for 
each tidal cycle, variability of the residual direction can be 
noted between 02/03 and 05/03, with an eastern dominance 
observed during a few tidal cycles. Such flood currents are 
related to the wind effect, as a 5 to 8 m/s southwesterly wind 
component was observed during the campaign. At both loca-
tions, the numerically-derived residual currents are around 
5 cm/s; these are in agreement with the values obtained from 
the measurements. 
Due to the non-linear character of sediment transport, re-
sidual sediment transport patterns may vary from the direc-
tion of the residual currents. In contrast with the flow pattern 
described previously, the residual sediment transport vectors 
describe a s-curve around the sand bank (Figure 5.), as shown 
previously by Van lancker et al. (2004).
 This pattern illustrates that the Kwinte Bank cannot be 
considered in isolation, but as part of a system of swales and 
sandbanks. Sand transport is directed towards the northeast 
along the western flank of the Kwinte Bank, whereas the east-
ern part is characterized by transports occurring in different 
directions (from southward to eastward). In the area of the 
central depression, the residual sediment transport vectors 
are opposed to the residual currents, i.e. directed towards the 
east. In contrast to the flow pattern (Figure 4.), the sediment 
transport vectors are more uniform over the study area with 
a constant rate of about 0.01 kg/m/s over the different tidal 
cycles. Sand can be expected to be eroded on the western side 
of the bank, but deposited on its eastern part (Figure 6.).
The erosion and sedimentation rates are of the same order 
of magnitude, at about 2.5 mm over an 11 days- period. These 
numerical predictions are in good agreement with those ob-
tained by Van lancker et al. (2004) and Van den eynde et al. 
(this volume) using the OPTOS model system. They confirm 
also the results obtained by Garel (this volume); these data 
showed a net transport towards the northeast on the western 
part of the bank (depression and west flank) and described an 
ebb-dominated pattern on the eastern side, confirming that 
sediment transport is related to a particular phase of the tide 
on each side of the bank (lanckneus et al., 1992).
The short-term modelling of the Kwinte Bank, undertaken 
here, reveals spatial and temporal variability in the flow, due 
to tidal asymmetry and wind-driven currents.
Besides, wind waves are likely to play an important role 
on the flow and the sediment transport patterns. When the 
waves are taken into account, the sediment transport rates 
are higher over the Kwinte Bank and the direction of the flux 
is also different, with dominance towards the west (Van den 
eynde et al., this volume). 
Finally, it should be noted that the small-scale morpholo-
gies, such as such sand waves and dunes, are not taken into 
account in the present study. These features may also influ-
ence the variability of the flow (HulscHer, de swart and de 
Vriend, 1993).
dISCuSSIon on LonG-tERM ModELLInG
As sandbanks evolve on a large time-scale, the long-term 
effects of sand extraction are of interest to coastal managers 
and policymakers (Peters and HulscHer, 2006). Such long-
term impact can be investigated through the use of long-term 
morphodynamic modelling (idier et al., this volume).
numerical Modelling
Practically, the complex full process-based models cannot 
be used straightforwardly for a long-term prediction, as they 
are too time-consuming in terms of computer time. Still, spe-
cific approximate methods have been developed to decrease 
their computational requirements (de Vriend et al., 1993). To 
this end, representative wave, wind and tidal forcing are ad-
opted commonly; this implies inherent predictability limits, as 
the morphodynamic process is stochastic. Regarding the tidal 
forcing, two methods are used widely (latteux, 1995): (i) the 
continuity correction, and (ii) the lengthening of the tide. The 
first approach is based upon the input filtering: the morphody-
namic change following a representative tide is extrapolated 
over N tides, using a continuity correction; this is as long as 
the bed changes do not exceed a critical value. The second ap-
proach is that of the lengthening of the tide, which is adequate 
to study propagative features as sandbanks (latteux, 1995); 
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this consists of increasing the morphological time-step by a 
so-called morphological factor (typically, N = 100 to 1000). 
This approach is implemented in the Delft 3D – Online model-
ling system. Nevertheless, we stress that these approximate 
methods are pragmatic and non-physical, in the sense that 
their main aim is to save computer time; caution is therefore 
required when applying large N-values.
A further disadvantage of the full process-based models is re-
lated to uncertainties associated with the boundary conditions. 
As such, the amplification of errors can have a large effect on 
the long-term behaviour of a small error in the hydrodynamics. 
However, full process-based models enable to study the dynam-
ics of a complex geometry; for example, they provide an indica-
tion of the long-term evolution of the Kwinte Bank.
Hence, considering the spring tidal cycles observed during 
the field experiment of March 2004, and neglecting the wave 
and wind effects, the bed evolution has been computed over a 
30 years period (Figure 7.).
The derived erosion/accretion rates suggest two patterns, 
depending upon location on the bank. Over its southern part, 
sand may be supplied from a bank located to the south of the 
Kwinte Bank, preventing the displacement of the feature. 
Over the northern and central parts, the bed is eroded on the 
western side of the bank and sediments are transported on the 
western flank. In this case, the crest may shift in an eastward 
(onshore) direction.
Besides, the Figure 7. shows that a supply from the swales 
can be also expected. de moor (2002) discussed the stability 
of the Flemish Banks and of the swales. He concluded that 
sections of the swales might have provided sand for the regen-
eration of the dredged areas. However, Bellec et al. (this vol-
ume) noticed that there is only a limited Quaternary cover and 
that the Tertiary substratum is locally eroded, in the Kwinte 
Bank area; addressing consequently that there are no large 
amounts of sand available in the swales.
On the basis of the long-term full process-based modelling 
over 30 years, no clear tendency is evident in the evolution of 
the depression area, and no recovery of the depression can be 
anticipated.
Moreover, any interaction between the excavated area and 
the sandbank itself cannot be clearly discerned from Figure 
7. Besides, any interpretation is limited by the fundamental 
problem of differentiating between anthropogenic and natural 
processes. 
Idealised Modelling
As noted in the introduction, idealized process-based mo-
dels provide an alternative to investigate the long-term dy-
namics of large-scale bed forms in the marine environment. 
A typical feature of these models is their strongly simplified 
geometry, the inclusion of only the essential physical mecha-
nisms as well as the focus on the temporal scales of interest. 
These models are therefore suitable to obtain insight in the 
general physical mechanisms behind the morphodynamics. 
In the following we briefly describe and review how idealized 
models have been extended to study the system’s response to 
sand extraction. However, owing to the idealized nature of the 
models, this should not be interpreted as a site-specific study 
of the Kwinte Bank case. 
The formation stage of both tidal sandbanks (HulscHer, de 
swart and de Vriend, 1993 ; and HutHnance, 1982) has been 
explained as inherent instabilities of a flat seabed subject to 
tidal flow and sediment transport. The underlying hydrody-
namic mechanism, known as tidal rectification (Zimmerman, 
1981), described the friction-topography and Coriolis-topo-
graphy interactions of tidal flow over an uneven seabed. In 
particular, the stability analysis provides characteristics of a 
so-called fastest growing mode, i.e. preferred values of wave-
length and orientation. Later on, roos et al. (2004) investi-
gated the finite-amplitude behaviour and found equilibrium 
profiles, expressing a tidally averaged balance between bank-
building mechanisms associated with tidal rectification and 
the downslope sediment transport of (wind-wave stirred) ma-
terial. The shape and height of the equilibrium profiles were 
found to depend on the tidal conditions, the mode of sediment 
transport, wave stirring as well as the relative importance of 
frictional and Coriolis effects. In each of the above approaches, 
a depth-averaged flow description has been employed, and 
roos et al. (2004) accounted for wave effects in a parametric 
way, using a depth-dependent stirring factor in the sediment 
transport formulation. This approach relied on the formation 
theory, since the orientation and wavelength were fixed from 
the linear stability analysis.
Subsequently, roos and HulscHer (2007) considered a lar-
ger domain in which a sequence of tidal sandbanks, uniform 
in the along-bank direction, was studied. This allowed for the 
Figure 8. (a) Evolution of a sandpit, modeled as a local perturbation of 
a sequence of sandbanks (Roos, 2004; Roos and Hulscher, 2007). The 
x-axis describes the spatial dimension whereas the y-axis describes 
time (in units of 20 to 40 years) and the vertical axis the bed elevation 
(scaled against the mean water depth of about 30 m). The plot shows 
the autonomous dynamics of a sequence of sandbanks, as well as the 
response of a single bank to a local removal of sand (created in the 
crest at x/Ldom=0.65, tau=125). (b) The sandbank profile just before 
(dashed) and just after (solid) extraction. Note: the model geometry 
is one-dimensional, assuming uniformity in the along-bank direction, 
which implies that also the sand extraction is uniform in the along-
bank direction. The extraction’s cross-section has a Gaussian shape 
with a depth of 10 m implying an extraction of 4000 m3 per alongbank 
m. (Figure adapted after Roos and Hulscher, 2007).
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investigation of both autonomous dynamics as well as the sys-
tem’s response to a local removal of sand. See Figure 8., whe-
re asymmetric tidal conditions were employed on a domain 
of about 130 km. From one of the banks, sand was extracted 
at tau=125, where tau is a dimensionless time, measured in 
units of roughly 20 to 40 years. It was concluded that on a time 
scale of several decades the bank tend to recover, but that the 
longer term fate of a bank is unknown. 
Alternatively, de swart and calVete (2003) investigated the 
non-linear response of shore-face connected ridges, subject to 
sand extraction. The bed forms under consideration are of a simi-
lar size to tidal sandbanks, but they exist closer to the shoreface 
on the sloping bed of the inner continental shelf; as such, the 
physics of their formation is different. As shown by the model 
results, following the local removal of sand, the system tends to 
return to its original equilibrium state. This gradual process, 
taking place over several centuries, is attended with a supply of 
sand from both the outer shelf and the near-shore zone.
Clearly, this type of long-term behaviour cannot be investi-
gated with the full process-based numerical simulation packa-
ges. One can further argue that, on such time scales, unders-
tanding the qualitative behaviour is more important than the 
quantitative details.
ConCLuSIonS
In order to satisfy the increasing demand of sand, tidal 
sandbanks of the North Sea act as a source of sediment; this 
may lead to the creation of large-scale pits, on these bedforms. 
Amongst others, the Kwinte Bank has been used to supply 
marine aggregates, resulting in the development of a large de-
pression in the central part of the bank.
In this contribution, the dynamics of the bank and, in par-
ticular, the impact of sand extraction on its morphology, have 
been studied using morphodynamic modelling, using the full 
process-based model Delft 3D – Online.
Short-term modelling of the Kwinte Bank has been set up, 
on the basis of conditions measured during a field campaign, 
carried out in March 2004 (Garel, this volume). Comparison 
between the numerical results and the measurements showed 
good agreement (ARMAE values of about 0.1).
The derived flow pattern revealed that the flood and the ebb 
are dominant on the western and eastern flanks of the Kwinte 
Bank, respectively. Over the bank itself, the residual currents 
are directed mainly to the west southwest. The depression 
area is ebb-dominated, with currents tending to run parallel 
to the depth contours. Still, the residual sediment transport 
is flood-dominated. The derived residual sediment transport 
pattern has shown that the Kwinte Bank cannot be consid-
ered in isolation, but should be regarded as part of a system 
of swales and sandbanks. Sand transport is directed towards 
the northeast along the western flank of the bank, whereas 
the direction is generally southward along the eastern part. 
In the area of the depression, the predicted residual sediment 
transport pathways are opposed to the residual currents, i.e. 
directed to the east.
Long-term predictions are somewhat difficult to extrapo-
late from the short-term results. Thus, the long-term impact 
of sand extraction has been discussed, but considering comple-
mentary approaches, combining the benefits of complex nu-
merical modelling with an idealised approach. The evolution 
of a tidal sandbank to equilibrium, following the removal of 
an amount of sand, is difficult to predict. No clear tendency is 
evident in the evolution of the depression area over 30 years, 
on the basis of the long-term full process-based modelling. 
However, on the basis of idealised modelling, the anticipated 
long-term trend of an excavated area is the recovery of the de-
pression; this resulting in a new equilibrium of the sandbank, 
over a time-span of a few centuries.
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